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Abstract
This project encompasses three different methods to fabricate syntactic foams using a
PDMS matrix i.e., hollow spheres inclusion, pore generator leaching by solvent, and emulsion.
The foam formation by using polysiloxane hollow spheres is done in a 3-step process. The first
step is to create a core of polystyrene following a dispersion polymerization process. The goal for
the size of the pore is to monodisperse and have an average diameter of 5-10 μm, so the polystyrene
core must be as well within that range. After that, the cores are coated with a polysiloxane shell by
following a polymerization by condensation process. The biggest issue with this process has been
to avoid agglomerations from the microspheres. Lastly, the core-shell spheres were subjected to
heat to degrade the polystyrene core thermally resulting in polysiloxane hollow microspheres.
The second process uses the previously mentioned polystyrene core to act as a pore former
and then leached with a compatible solvent. This resulted in the partial leach of the polystyrene
leaving some pores open and some closed. The third method created a foam by emulsion where
water and PDMS were used. PDMS is a hydrophilic polymer which makes it immiscible with
water resulting in water droplets contained in the PDMS matrix. Afterward, the composite was
subjected to vacuum and heat to evaporate the water and cure the polymer base.
These syntactic foams were characterized to analyze their morphology, thermal
conductivity, and mechanical properties.
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Chapter 1: Introduction
This research focuses on different manufacturing methods of polymer syntactic foams
which yield different properties depending on the method. Polymers have been used widely in a
variety of applications and field such as aerospace, industrial, medical, and automotive. Polymers
can be optimized for different applications by modifying the fabrication and post-processing. This
changes can be monitored microscopically. Additionally, the geometry of the part by these tailored
polymers affects the final mechanical, thermal, and electrical properties. Complex geometries can
be achieved by additive manufacturing to create parts that could not be achieved by other
traditional manufacturing methods. This study explores the fabrication of syntactic foams through
different routes. Each route has a different synthesis and optimization process that yields foams
with different mechanical and thermal properties.
Foams with monodisperse pores between 5-100 μm were intended. The first route consists
of creating a syntactic foam by the addition of hollow spheres. Polymer hollow spheres made of a
polysiloxane shell were synthesized and added to a polydimethylsiloxane (PDMS) matrix. The
behavior of these hollow spheres was compared to already manufactured hollow spheres from
different materials when introduced to the PDMS as fillers. By synthesizing these polysiloxane
hollow spheres, the average diameter, monodispersity, shell thickness, molecular weight, and
polymer chain arrangement can be tailored.
The syntactic foams created by the addition of hollow polysiloxane spheres were the
biggest focus of this research. Although, different processes to obtain syntactic foams were
explored. Each process shows the advantages and disadvantages which are led by the change in
polymer matrix, pore average diameter and monodispersity. The foams were considered successful
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by analyzing the energy absorption from compression testing, the process simplicity, repeatability,
and ability of the material to be 3D printed.
A requirement for these synthesized materials is to have the adequate and rheology to be
3D printed. Additively manufacturing (or 3D printing) parts benefits the user to have more freedom
oof design, having less material waste, and fast iteration capability. These syntactic foams made
from a thermoset elastomeric material that can withstand high temperatures are tailored to be 3D
printed with a controlled porosity. This research encompasses a discussion and conclusion on the
success of each foam based on a variety of requirements.

2

Chapter 2: Background and Motivation
Syntactic foams are used for applications such as energy absorption for impact, when
lightweight structures are needed, when thermal insulation is needed[1], for marine applications
due to their buoyancy, and can act as flame retardants.[2] The properties of these syntactic foams
vary greatly by the material of the pore-former, the matrix, the volume percentage, and
homogeneity of the structure. Polymers are the most widely studied material for syntactic foams
due to their low cost and scalability. Metal and ceramic syntactic foams also exist but are mostly
used when high temperature or harsh environments are in place. Polymer syntactic foams can be
classified in two groups: thermoset and thermoplastic polymers.[3] In this study, thermoset
syntactic foams were created and characterized and due to their polymerization process they are
shaped following different processes.
Syntactic foams, as mentioned before, are excellent energy absorbers due to the plateau
effect in the stress strain curve in which very little stress is required to have a significant effect in
the strain as seen in Figure 2.1. In figure 2.1, the dotted line represents the modulus of elasticity
which represents what the stress-strain curve of a fully dense material would look like. The red
line represents the stress-strain curve of a material with an added porosity. The first segment of
the curve has a behavior similar to a dense material and after a stress threshold has been surpassed,
denoted by σel, a plateau region is reached. In this plateau region, the slope decreases drastically
and a reduced stress is needed to have a significant increase in the strain. After the pores have been
compressed, the material behaves as a dense material and has a behavior similar to it.
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Figure 2.1: Stress-strain curve of an elastomeric foam [1]
The area below the curve represents the energy absorbed and is calculated using equation
2.1 where U is the absorbed energy:
𝜀

𝑈 = ∫0 𝑚𝑎𝑥 𝜎 𝑑𝜀

(2.1)

Another aspect to analyze is the shape recovery after compression cycles. Studies on the
shape recovery of syntactic foams has been done mostly by shape memory which requires a
stimuli which is often temperature. [4] In this case, an elastomeric polymer base, PDMS, was
used which naturally recovers its shape with ease. For this reason, external stimuli are not needed
to recover the shape of the foam. The importance of shape recovery lies in the reusability of the
foam. The amount of compression cycles it can take before losing the foam shape and behavior.
Chapter 3: Method 1 – Hollow sphere inclusions
3.1

BACKGROUND
One of the methods followed to create syntactic foams is to have a polymer matrix in which

hollow spheres were synthesized and used as fillers to create porosity. These hollow spheres have
been synthesized by different industries for different applications. These industries include the
pharmaceutical, energy, defense, and biomedical for applications such as drug delivery, sensing
applications, energy absorption, and energy storage. [5] In the case of being used with syntactic
foams, the hollow spheres act as dampers. The material selection for the shell and the thickness
4

has a direct relation to the application it will be used in. The mechanical and thermal properties of
the material itself and in the form of the hollow microsphere will indicate the compressibility,
conductivity, and recoverability of the foam. In this case, polysiloxane was chosen due to its
physiological inertia, thermal stability, and lubricity. [6] PDMS was chosen due to its elastomeric
behavior which means it has a shape recover and it’s thermal stability.
The hollow spheres will be created by the formation of a polystyrene core, the formation
of a polysiloxane shell and core removal by calcination. After the hollow spheres are formed they
will be added to the PDMS matrix to form the PDMS foams. Afterwards they will be characterized
where the porosity, thermal conductivity and energy absorption will be measured as shown in
Figure 3.1.

Figure 3.1: Syntactic foam process by addition of hollow polysiloxane spheres
3.2

POLYSTYRENE CORE FORMATION

3.2.1 Polymerization
The core template to initiate the hollow sphere synthesis is of polystyrene due to the
extensive research on the formation of polystyrene microspheres though dispersion
polymerization. Dispersion polymerization is an attractive method due to its high yield and
multiplication to a large-scale system. [7] Dispersion polymerization can be understood as a 3
stage process 1) initiation, 2) nucleation, and 3) growth. A vinyl monomer is paired with an
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initiator in a solvent. A steric stabilizer is used to avoid agglomeration and promote
monodispersity. [8]
During the initiation stage, a free radical is joined to the the mer and opens the double
carbon bond into a single carbon bond, thus, creating a reactive center as shown in Figure 3.1. The
nucleation stage continues as each monomer creates an active site for the attachment of a chain
and starts the formation of polymer chains. These polymer chains continue to grow in the growth
stage until it has reached termination.

Figure 3.2: Radical initiation mechanism [9]
3.2.2 Materials
The materials used for the core formation are the following: styrene (St, 99% extra pure,
ACROS Organics), 2-methoxyethanol (MeCell, 99+% extra pure, Acros Organics), ethanol
(EtOH, 200 proof, Pharmco), hydroxypropyl cellulose (HPC, Mw=100,000 g/mol, Acros
Organics), and ethylene glycol.
3.2.3 Methodology
The chemical synthesis for polystyrene spheres with an average diameter of 12 μm with a
low coefficient of variation was obtained from a 24 hour reaction with the monomer, medium,
initiator, stabilizer, heat, and stirring.
A large container is filled to roughly ¾ its volume and placed on top of the hot plate. A 5neck round bottom flask is placed in the ethylene glycol bath and connected to a thermocouple,
6

condenser, inlet tubing for nitrogen flow, and outlet tubing from the exit of the condenser to a
bubbler for flow measurement. This setup is depicted is Figure 3.3 (a). A mixture of 250 ml of
MeCell and 175 ml of ethanol 200 proof are poured into the round bottom flask. The stirrer is
placed inside and the temperature and stirring velocity are set to 75 °C and 500 rpm, respectively.
Right after, the system is closed with rubber stopper and the nitrogen flow is set to 30 liters/min
and purge the system of any oxygen until the temperature has stabilized at 75 °C.
After stabilization, incorporate 7.5 g of HPC. Then, mix 75 ml of styrene at room
temperature with 3 g of BPO. Incorporate this styrene + BPO mix at a rate of 5.2 ml/min. Initially,
the mix will be mostly transparent. After 10 to 15 minutes, the mix will get milky white which is
an easy test to prove there are no leaks preventing the styrene to polymerize. If the mix turns yellow
as shown in Figure 3.4, that means there is a leak in the system and the styrene is reacting with the
oxygen in the environments causing oxidation and stopping the polymerization process. This
reaction can be visualized early on. It will start showing a yellow hue after approximately 20
minutes.
The polystyrene must be washed from the remaining medium, unpolymerized styrene, and
nano-sized polystyrene spheres. After 24 hours have passed, pour the resultant mix in centrifuge
tubes after the fluid has cooled to room temperature. Centrifuge at 4000 rpm for 15 minutes,
dispose of the top liquid layer as seen in Figure 3.3 (b), refill with ethanol, vortex and repeat the
process until the top liquid layer is clear. Dry the remain polystyrene paste (Figure 3.3 (c))
overnight or a desiccator can be used to speed up the process. Lastly, grind the remaining powder
to break away any agglomerations within the microspheres.
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Figure 3.3: A) Experimental setup for polystyrene synthesis; B) Polystyrene in centrifuge tube
for washing; C) Polystyrene paste; D)Polystyrene after grinding

Figure 3.4: Oxidized styrene
3.2.4 Particle Growth and Monodispersity
Particle growth and monodispersity is a result from styrene solvency in the medium, the
stabilizers to decrease agglomeration, and the selection of initiator. Several sources have addressed
the issue of the solvency between the medium and the styrene. [10][8] Styrene has a Hildebrand
solubility parameter of 9.3 and when coupled with mediums, one with a Hildebrand parameter
with a similar value will result in a more effective solvent. Styrene has a Hildebrand parameter
8

(𝛿Styrene) of 9.3. Ethanol and MeCell were used due to the likeness in the solubility parameter i.e.,
12.7 and 11.4, respectively. Although they are not the same number, when comparing to other
popular mediums such as water with a parameter of 23.4, the difference is noted.
The two main initiators that have been used for the dispersion polymerization of styrene
are benzoyl peroxide (BPO) and azobisisobutyronitrile (AIBN). Ther thermal stability of the
initiator must be taken into consideration to analyze the efficacy of the initiator for the monomer.
BPO has a higher thermal stability than AIBN. The half-life at 75 °C of BPO and AIBN is of 7.3
hours and 4.8 hours, respectively.[11] A study done by Bethany Wilburn and Elizabeth Reza show
the monodispersity results comparing the use of BPO and AIBN and are shown in Figure 3.5. [12]

Figure 3.5: Polystyrene synthesis using two different mediums A) BPO and B) AIBN [12]

The use of BPO and its thermal stability helped increase the monodispersity by avoiding
secondary nucleation. This secondary nucleation is a predominant problem when reaching
microspheres of a larger average diameter. Rather than have secondary nucleations, it is preferable
to have growth of the microspheres as shown in Figure 3.6.[13] It is always easy to create small
(>5 μm) spheres with a high monodispersity but as they grow, which has been a big part of the
research, they can follow a secondary nucleation or large particle agglomeration path which is not
desirable.
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Figure 3.6: Polymerization stages

Lastly, the steric stabilizer has a big effects on avoiding the agglomeration and
consequently large particle agglomerations. HPC acts as a steric stabilizer that is grafted onto the
surface of the polystyrene core creating HPC-g-polystyrene. HPC is grafted to stabilize the
particles from coalescence. Additional to the variables already mentioned, the viscosity, or better
said, the molecular weight of the HPC has a direct effect on the size and monodispersity of the
particles. It was shown that HPC with low viscosity concludes in highly monodisperse polystyrene
microspheres as shown in Figure 3.7. [8]
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Figure 3.7: Particles using HPC with different viscosity: A) 1000-4000 cps, B) 150-400 cps, C)
6-10 cps [8]

In this reference paper, HPC with a viscosity of 6-10 cps corresponds to HPC with a
molecular weight of 97,000 which explains the reason behind the HPC used in this research of
MW 100,000.
3.2.5 Results
This results will be directly compared to the results from the previous study of Elizabeth
Reza and Bethany Wilburn. They grew their polystyrene microspheres up to 8.45 μm with a low
coefficient of variation of 2%. In this thesis, this average diameter was increased from 8.45 μm to
12.00 μm with a coefficient of variation (CV) of 8.25% which after filtration, the diameter and CV
changed to 13.12 μm and 6.76 %, respectively.
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This research followed a protocol already employed by Elizabeth Reza, the variations
studied in this thesis are: temperature fluctuations, styrene inlet flow, and oxygen content in the
system.
The first variable to address is the oxygen content in the system. It was noticed that
following the same protocol, we were able to synthesize bigger spheres than before. A jump from
8.45 μm to 10.57 μm was achieved by ensuring a system with the least amount of oxygen. It is
known that oxygen inhibits free-radical polymerization be reacting with the active radicals and
creating dead chain ends.[14] Nitrogen flow was measured at the inlet and outlet and the system
was modified until the difference between the inlet and outlet was close to zero.
The second variable is the styrene and BPO entrance flow rate. Although the average flow
rate (5.2 ml/min) for the styrene entrance to the system is the same in all experiments, PS-41 and
PS-42 have a staggered flow in which 5.2 ml of styrene with BPO are dumped at once for each
minute. The reason for this was to diminish the entrance of oxygen to the system while opening
and closing the rubber cap as no automized system was available to use for the large volume of
styrene required. Alternative to this method, a dropping funnel was used to dispense the monomer
at a continuous flow of 5.2 ml/min. This change in flow rate increased the average diameter from
10.57 μm to 12 μm and the CV was lowered from 26.83% to 8.25%.
The third variable is the temperature fluctuation while reaching the set temperature of
75°C. Two temperature fluctuations from different plates were tested: ±0.5 °C and ±5 °C. Having
a large temperature variation changes the polymerization activity of the polystyrene constantly,
yielding a smaller average diameter and a larger coefficient of variation. The large temperature
fluctuation is represented in PS 46 and a drastic decrease in average diameter and monodispersity
was drastically noted. Comparing PS-45 and PS-46, which have only one variable changes i.e.,
temperature fluctuation, the average diameter decreased from 12 μm to 8.12 μm and the coefficient
of variation increased from 8.25% to 16.87%.
At only one instance, PS-50, the set temperature was changed from 75 °C to 80 °C. When
the synthesis temperature is increased, the average diameter tends to increase as well. With this
12

polydispersity increases. Trying to push the limits of the polystyrene core size, the set temperature
was increased to 80 °C but yielded particles with an extremely high coefficient of variation of
106.77%. Following the trends from previous research [12], temperature increase has an increase
in the average diameter as shown in Figure 3.9. In this case, the extremely large particle size
distribution, resulted in a smaller average diameter. This is very possibly due to a large quantity
of secondary nucleations. That decreased the average diameter to 7.38 μm.
The best batch (ranked by average diameter and coefficient of variation) was PS-45. To
reduce the coefficient of variation and increase the average diameter, a stainless steel mesh with a
7 μm pore was used to filter all particles smaller than the said pore size. Although therse small
particles were not able to be completely filtered out, a portion of them did and resulted in an
average diameter of 13.12 μm with a lower coefficient of variation of 6.76%. Graphical and tabular
representations for the results section are shown in Figure 3.8 and 3.9 and Table 3.1.

Figure 3.8: Particle size analysis of polystyrene cores analyzing different monomer flows and
synthesis temperature. Note: PS 42 has DVB as co-monomer
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Table 3.1: Particle size analysis of polystyrene
Trial

Davg

CV

PS-41 A

10.57

26.83

PS-42

13.94

45.98

PS-45

12

8.25

PS-45 filtered

13.12

6.76

PS-46

8.12

16.87

PS-50

7.38

106.77

Figure 3.9: SEM images of polystyrene cores. Scale bar is 20 μm. SEM images captured with
Thermo Fisher – Phenom ProX
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Figure 3.10: Particle size analysis of polystyrene cores from a previous study [12]
3.3

POLYSILOXANE CORE SYNTHESIS
The previously prepared polystyrene cores are coated in polysiloxane. This polymer will

result in the material for the final hollow spheres. The polymerization method for polysiloxane is
polymerization by condensation.
3.3.1 Polymerization
Polymerization by condensation is a process in which several silicone polymers
(polysiloxane) are created. The kinetics of the process will change the final application of the
product. The polymerization consists of 3 major steps: hydrolysis, condensation, and phase
separation.
The hydrolysis step is when a hydroxyl group (OH) substitutes the alkoxyl group in an
acidic medium using a homogenizing solvent which can typically be water or an alcohol. This can
also be called a hydration portion because in this case, water is used to start the formation of
silanols. Then, the condensation step starts by removing water or alcohol from two alkoxysilane
molecules to form siloxane bridges (Si-O-Si). This can also be considered a dehydration step
because water (or alcohol) is removed for the formation of the siloxanes. The third step is the phase
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separation where the medium loses its homogeneity and there is a resultant liquid in a solid or a
solid in a liquid where the liquid is the water or alcohol byproduct and the polysiloxane is the solid.
This heterogeneous mix is called a sol-gel. [15] The chemical process for these 3 steps are
illustrated in Figure 3.11.

Figure 3.11: Polymerization process of polysiloxane
The kinetics of this polymerization process depend mainly in the water to Si ratio, catalyst,
pH, and the nature of the silane.
3.3.2 Materials
The materials used for the polysiloxane shell are: Previously synthesized polystyrene core
(PS-45 filtered), trimethoxymethylsilane (MTMS, Sigma-Aldrich), hydrochloric acid (HCl, Fisher
Scientific), ammonium hydroxide solution (NH4OH, Sigma-Aldrich), and DI water.
3.3.3 Methodology
As previously mentioned, the polysiloxane shell is synthesized by polymerization by
condensation which can also be called sol-gel process. The previously synthesized polystyrene
powder must by finely ground and dry to be used. 1 gram of polystyrene powder is mixed 1.5 g
of aqueous hydrochloric acid (HCl) at a pH of 5.0. The sonication process is started to evenly wet
the polystyrene. While sonicating, 0.5 g of MTMS were added to the medium and the mix was left
to sonicate for 10 minutes. This is the end of the hydrolysis stage. Ammonium hydroxide is used
16

to rapidly change the pH of the medium to a pH of 9.0. The mix is left to sonicate for ten minutes
and then let sit for 5 hours. This ends the condensation reaction while at the same time causes
phase separation. A schematic of the process is seen in Figure 3.12.

Figure 3.12: Sol-gel process to create core-shell particles

After the core-shell spheres are synthesized, they are washed with ethanol in a similar
fashion as done with the polystyrene cores. The mix was poured in a centrifuge tube, washed with
ethanol, vortexed, and centrifuged. The liquid on the top layer was disposed and the process
repeated until a clear liquid layer is formed. For this process, two washed are usually enough.
The ratios can be changed to vary the core to shell ratios in an attempt to control
polysiloxane shell thickness. The previous procedure described a 2:1 core:shell ratio (mass). The
aq. HCl to MTMS ratio was kept constant to 3:1. I was found that it helped prevent agglomerations
from the coating process.
3.3.4 Fine tuning
The most influential variables that control the agglomeration of the particles are the: pH,
sonication, and water to MTMS ratio, in order of decreasing importance. A study was done to fine
tune these variables. The pH resulted the most influential variable to the level that a difference of
0.5 has a very notable difference. It is believed that the reason for the notable effect on
agglomeration from the pH is the zeta potential.
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The zeta potential (ζ potential), is the electric potential in the interfacial double layer of a
dispersed particle or droplet versus the continuous medium. The zeta potential is the potential
difference between the mobile dispersion medium and the layer of the dispersion medium attached
to the dispersed particle. The most important factor to affect the zeta potential is the pH of the
medium. As seen in Figure 3.13, The zeta potential dictates the agglomeration for the particles or
droplets within the medium due to the repulsion forces from each particle to the next. [16]

Figure 3.13: Zeta potential effect on the agglomeration of particles [16]

The pH for the hydrolysis stage was varied from 4.0 to 6.0 in intervals of 0.5. The pH in
the hydrolysis stage had a much noticeable impact than the condensation pH. The most notable
difference in the hydrolysis pH is from 5.0 to 5.5 as shown in Figure 3.14.
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Figure 3.14: Effect of polysiloxane shell synthesis with a hydrolysis pH of (a) 5.5 and (b) 5.0.
Scale bar is 10 μm.
The pH of the synthesis is the most delicate and difficult part of the process. Replicating
an exact pH for each synthesis is not an easy task which is why a large container with aqueous
HCl was prepared to be able to go over several core-shell processes.
The second variable is whether or not the sonication took place during the polymerization
process. The sonication helps the silanols to do a uniform coating around each polystyrene sphere.
If the sonication doesn’t take place, the polysiloxane will form at concentrated regions without any
spherical formation. In Figure 3.15, an SEM of the effect of sonicating (b) and not sonicating (a)
during the hydrolysis process can be visualized. There is a very noticeable difference in the
behavior and placement of the polysiloxane. It shows the magnitude of the effect sonication has
on avoiding agglomeration.

Figure 3.15: Effect of polysiloxane shell synthesis while (a) not sonicating and (b) sonicating.
Scale bar is 10 μm.
The third variable that affects the polysiloxane shell greatly is the water to MTMS ratio.
The amount of water to the polysiloxane precursor, MTMS, directly affects the number of attached
oxygen atoms in each silicon atom which give a different polysiloxane network.[15] Additionally,
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considering this water to MTMS ratio will directly influence the water to PS core ratio. Having a
higher water to MTMS ratio and water to PS core ratio improves the chemical structure and PS
dispersion, respectively. In Figure 3.16, a comparison of a 2:1 and 3:1 water to MTMS ratio is
shown. The agglomeration of the batch with lower water content (a) shows a significantly higher
agglomeration behavior.

Figure 3.16: Effect of water:MTMS ratio during polysiloxane shell formation process: (a) 2:1
and (b) 3:1. Unlabeled scale bar is 10 μm.
3.3.5 Results
As mentioned before, a 2:1 core to shell ratio has the best result in terms of having low
agglomerations. It was found over SEM pictures and particle size analyses, that as the shell content
in the system increases, the agglomerations increase as well. Initially, the core:shell ratios were
implemented to control the shell thickness but the shell thickness increases in a very insignificant
way compared to the agglomeration increase. It has been shown that polysiloxane can only reach
a certain thickness around the PS sphere before it create a microsphere of its own.
3.3.5.1 Calcination
After the polysiloxane coated microsphere has been formed, the core must be degraded to
achieve the shough hollow microsphere. The thermal degradation of polystyrene is a range
between 250 °C and 380 °C. To ensure the complete degradation of polysiloxane, a heat treatment
to 500 °C is applied to the microspheres. A furnace protocol with a slow ramp rate of 1 °C/min
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was set in place to diminish sphere breakage. Figure 3.17 is temperature vs. time graph that
explains the heat treatment of the microspheres. They go form room temperature to 500 °C with a
ramp of 1 °C/min, then they dwell for 30 minutes at 500 °C and finally they cool off to room
temperature at the same ramp of 1 °C/min. This means that the heat treatment takes approximately
16.5 hours. It is important to note that a thin layer of approximately 0.25 cm allows for the carbon
remnants of polystyrene escape with ease. If a thicker powder layer is entered to the furnace, it is
very likely that the bottom layer will be brown. After examination in the SEM, brown and white
powder have the same morphology which means it can still be used. Nonetheless, the color of
polysiloxane is a light cream to white color and the brown color given by the carbon remnants
should not be there.

Figure 3.17: Furnace protocol for polystyrene core thermal degradation

After the core has been calcinated, a hollow sphere with a thin shell of approximately 200
nm has been formed. Figure 3.18 shows the core-shell spheres before (a) and after (b) calcinating
of PS-45 filtered and images (c) and (d) show the spheres before and after calcinating of PS-49.
Note that the spheres have a low agglomeration before and after calcination. After calcination, (b)
and (d) show a transparency at the center of the sphere. This is because the highest voltage of 15
kV from the SEM was used to image the hollow spheres. At higher voltages, there is more depth
of penetration of the beam onto the material.
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Figure 3.18: 2:1 core shell ratio spheres: (a) PS-45 filtered core-shell sphere, (b) PS-45 filtered
hollow sphere, (c) PS-49 core-shell sphere, and (d) PS-49 hollow sphere. Scale bar
is 50 μm.
3.3.5.2 Polysiloxane Shell Thickness
After the formation of hollow spheres, some of the broken spheres were analyzed to
measure the shell thickness of the core:shell ratios: 2:1, 1:1, 1:2, 1:3 in spheres with an average
diameter of 8.4 μm, 5.3 μm, and 4.47 μm. A trend on the thickness of these shells was found were
the shell thickness increases with an increasing core diameter. Another trend is that as this
core:shell ratio increases, meaning that as more is in the system, the variation between shell
thickness diminishes greatly. The thickest shell was obtained by CS 1:3 in an 8.4 μm sphere
resulting in a thickness of 390 nm. The thinnest shell was formed in CS 1:1 in a 4.47 μm sphere
with a resultant thickness of 185 nm. It is safe to say that CS 2:1 and 1:1 have a very similar shell
thickness and the thickness of the shell increases and the MTMS content increases. In Figure 3.19
and 3.20 images of the spheres and thickness measurements are shown respectively.
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Figure 3.19: SEM image showing shell thickness for PS-41 (avg. diameter = 8.4 μm) with
different core:shell ratios: (a) 2:1, (b) 1:1, (c) 1:2, and (d) 1:3

Figure 3.20: Shell thickness (nm) for polysiloxane coated PS core of different sizes with
different core:shell ratios
3.3.5.3 Thermogravimetric Analysis
The thermogravimetric analysis (TGA) is used to identify the weight percent of a material
in a composite if the degradation temperature of the components are known. The degradation and
melting peaks of the different materials should fall under different temperatures [17] Two TGA
tests were done to 1) verify core removal and 2) calculate the amount of core and shell in each
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batch. The degradation temperature (Td) of styrene falls withing the range of 250 °C to 380 °C and
the partial degradation temperature of polysiloxane falls between 450 °C and 650 °C. By partial
degradation it is meant that after 650 °C, only silica (SiO2) remains. [18]
After the calcination process, the TGA result from Figure 3.20, shows that there is no
remaining polystyrene in the composite. Polystyrene degradation is shown in the purple region
and partial degradation of polysiloxane in the pink region.

Figure 3.20: TGA showing two core removal methods: calcination and solvent leaching

Acetone has a solubility parameter of 19.7 which is very close to polystyrene’s solubility
parameter of 18.3. Additionally, acetone is a very common and inexpensive solvent.[19] Which is
the reason why it was chosen to attempt to remove the polystyrene core. Dissolving polymers,
especially trapped polymers can be greatly helped by temperature or movement. In this case, the
core-shell spheres were submerged in acetone and stirred for 12 hours at a time. After the second
was, the TGA data revealed most of the polystyrene had escaped the polysiloxane core although
as shown in Figure 3.21, the spheres were broken from the constant movement and effect of the
acetone in the polysiloxane. Polysiloxane is a thermoset polymer which means it also has a higher
strength against solvents. Although, after being subjected for 24 hours, the polysiloxane is prone
swelling which might have also contributed to the breakage of the sphere.
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Figure 3.21: Polysiloxane sphere breakage after acetone leaching

The core shell analysis serve to verify that the core:shell (C:S) ratio affects the weight
percent trend. In Figure 3.22, the graph shows the expected trend for C:S 2:1, 1:1, 1:2, and 1:3
having he 1:3 ratio have the least polystyrene and 2:1 having the most polystyrene weight percent.
On the other hand, the 1:1 ratio upscale did not follow this trend. A possible reason for that is since
a bigger batch was synthesized, polisiloxane distribution is spread among a larger volume causing
a 0.5 mg sample to have a less possibility of uniformity.

Figure 3.22: TGA data for core-shell spheres with different concentration ratios
3.4

FOAM FORMATION
Foams are typically created by the inclusion of previously manufactured hollow spheres

available in the market. Two popular hollow spheres used are glass microballoons (GMB) and
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carbon microballoons (CMB). One of the purposes of this study is addressing why synthesizing
polysiloxane microballoons (PMB) yields a better response than other hollow spheres in the
market. A comparative study with foams with the same volume percent inclusion of microspheres
was done to calculate the energy absorption.
3.4.1 Materials
The materials used to create three different PDMS foams are the following: PDMS (Dowsil
SE 1700), glass microballoons, carbon microballoons, and previously synthesized polysiloxane
microballoons.
3.4.2 Methodology
Tapped density for the GMB, CMB, and PMB were calculated by getting the tapped
density of the different powders using a graduated cylinder and placing it in the sonicator until the
volume won’t reduce anymore. PDMS is prepared following standard protocol of 10:1 silicone
base to catalyst ratio. PDMS and microballoons (MBs) are mixed at a 50 vol % in a planetary
ThinkyMixer at 800 rpm (to avoid sphere breakage) for a lapse of 1 minute, and repeat the cycle
3 times. The PDMS + MB composite is poured into 1 in diameter rubber molds and degassed using
a centrifuge until fully compact. Vacuum could not be used for degassing due to the Vaseline-like
viscosity that prevents flowability. The PDMS foams were cured at 150 °C for 30 minutes. Figure
3.23 shows Sem pictures of the pore formers and a cross-section of the foams created with the pore
formers.

26

Figure 3.23: Sem images of MBs compared to the created foam before compression: (a) GMB,
(b) CMB, (c) PMB, (d) PDMS w/ GMB filler, (e) PDMS w/ CMB filler, and (f)
PDMS w/ PMB
3.4.3 Foam Characterization
The previously created foams were subjected to compression testing to calculate the energy
absorbed at maximum strain and to thermal conductivity testing. Thermal conductivity has a large
variation depending on the porosity and fillers a composite, which in this case is a foam, has.
3.4.3.1 Compression Testing
Compression testing on the 1 in. diameter foams was done at a compression rate of 5
mm/min. The characterization equipment used was an Instron Universal Testing Setup. After
compression testing was done, the are bellow the stress strain curve stopping at maximum strain
was calculated to get the energy absorption of the foam. The following formula is used where U
represents energy absorption:

𝜀𝑚𝑎𝑥

𝑈 = ∫ 𝜎 𝑑𝜀
0

Figure 3.24 shows the before and after compression comparison for each of the syntactic
foams created. GMB and CMB have are considered brittle materials which is why the after
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compression foam (~75% compression) result in mostly broken spheres and no shape recovery.
On the other hand, the foam formed by polysiloxane microballoons has an almost identical crosssection where there are no broken spheres caused by compression. It was noted that some of the
PMBs tear during the mixing process causing a lower porosity than intended.

Figure 3.24: Before and after compression comparison of PDMS + MBs. Before compression
foams formed by (a) GMB, (b) CMB, and (c) PMB and after compression foams
formed by (d) GMB, (e) CMB, and (f) PMB.

After compression testing with a 100 kN load cell, a stress-strain curve was plotted as seen
in Figure 3.25. All foams were able to compress to up to 80% without failing. The reason for that
is PDMS is an elastomer. Even if the GMBs or CMBs fail, break, and do not recover their shape,
the properties of the polymer matrix help the foam bounce back to its original dimension.
Although, if analyzed microscopically as in Figure 3.24, the result of the foam shows very notable
deformations. Neat PDMS by itself has a stress-strain curve very similar to a typical syntactic foam
behavior.
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Figure 3.25: Stress-strain curve of PDMS foams at 50 vol % compared to neat PDMS

The energy absorbed was measured using two guidelines: 1) energy absorption until
maximum compression of 77% and 2) energy absorption at a low stress at which the elbow of the
curve is located (0.7 MPa). The resultant energy absorbed is expressed in table 3.2. This table
shows that when considering the energy absorption at the maximum compression strain, the foam
with PMB inclusion has the highest energy absorption. The addition of PMB to PDMS increases
the energy absorption by 45.8% compared to neat PDMS. When considering a lower stress of 0.7
MPa where the elbow of the stress-strain curve is located, neat PDMS has the highest energy
absorption. Compared to PDMS + PMB foams, neat PDMS shows a 76.5 increase in the energy
absorbed. The reason for this behavior is attributed to the fact that although a porosity is being
added to PDMS, the polysiloxane shell added is harder than PDMS. Porosity decreases the
modulus of elasticity while a harder material as inclusion increases the modulus of elasticity. The
advantage of adding a harder material than PDMS that has still flexibility as a pore former causes
a foam that can withstand the same compression percent, while increasing the energy absorbed
and having shape recovery even after several compression cycles. Neat PDMS due to the fact that
is still softer, requires less stress to increase the strain. That is why neat PDMS exhibits a higher
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energy absorption at lower stresses. This gives us the opportunity to tune our foams depending on
the application.
Table 3.2: Energy absorption from PDMS foams
Energy absorption at
Energy absorption at
Sample
3
3
ε= 0.77 (J/m )
σ=0.7 MPa (J/m )
Neat

0.75765

0.170915

GMB

1.01725

0.080175

CMB

0.89844

0.109182

PMB

1.10466

0.096813

Additionally to the testing done comparing different microballoons at the same volume
percent, the same testing process was done to foams created with polysiloxane microballoons at
different volume percentages. Figure 3.26 is an image of how the foams at 50 and 70 volume
percent look before and after compression. There are several important factors to note: 1) correct
density due to packing density of spheres, 2), theoretical versus actual porosity, and 3) sphere
breakage.
Spherical powder can reach a lower apparent density because of the air pockets in between
the particles. Different apparent densities can be measured depending on the monodispersity of the
powder and the method for packing powder. The method followed to pack the powder was using
a sonicator for 5 minutes. The actual volume for monodisperse spheres after vibration falls between
62.5% to 64.1% of the apparent volume. [20] Considering our microspheres are not completely
smooth, 62.5% is the correction number used. Table 3.3 shows the initial (or theoretical) volume
and the corrected volume. The foam with 50 vol % and 70 vol % have a corrected final volume
percent of 38.46% and 59.32%, respectively.
The third aspect to note is that during the mixing process, there is sphere breakage which
causes a lower porosity than expected. A study was done to calculate the sphere breakage for each
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of the foams by using Image J. Image J is used to calculate the actual porosity in the foam by using
the cross-section for each foam. The 50 vol % foam which in theory should have a 38.46 vol %
has only a 23.7 volume percent porosity. The 70 vol % foam which should have an actual volume
% of 59.32, has actually a 33.9 % porosity. This information can be seen in Table 3.3.

Figure 3.26: SEM images showing foam cross-section before and after compression
Table 3.3: Initial, theoretical, and measured porosity in foams with PMBs
Initial
Final vol % after Measured
Vol% lost
vol%
correction
vol% (Image
J)
50

38.46

23.7

47.12%

70

59.32

33.9

57.14%

Compression testing was performed for the 50 and 70 vol % foam following the same
methodology: 5.5 mm/min compression rate with a 10 kN load cell up to an approximate 75%
compression. The stress strain curve is shown in Figure 3.27. Similar to the previous stress strain
curves, the energy absorption was measured at the maximum strain of 0.77 and low stress of 0.7
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MPa whose results are shown in Table 3.4. Stress strain curves show a very similar behavior for
the 50 and 70 vol % with an actual porosity of 23.7 and 33.9 %, respectively. Similarly to the
results from Table 3.2, the foam with the lower porosity had a higher energy absorption at the low
stress of 0.7 MPa. This energy absorption was 43.7% higher than the 70 vol % foam. On the other
hand, the 70 vol % foam has a 13.7 higher energy absorption at the maximum strain of 0.77 which
is also a higher stress. Is been noted that the addition of these hollow spheres has increased the
modulus of elasticity of the foam which is helped by the hardness of the polysiloxane shell in
comparison to the PDMS matrix and the broken spheres that end up forming part of the matrix.

Figure 3.27: Stress-strain curve for foams formed with PMBs at different porosities
Table 3.4: Energy absorption from PDMS foams with PMBs
Energy absorption
Energy absorption
Sample
3
3
at ε=0.77 (J/m )
at σ=0.7 MPa (J/m )
PMB 50 vol%

1.10466

PMB 70 vol%

1.25564

0.096813
0.067389
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3.4.3.2. Thermal conductivity testing
Thermal conductivity of foams tends to be lower due to the air pockets in the sample. Air
is considered a thermal isolator.[21] The equipment used to measure thermal conductivity of the
syntactic foams is the C-Therm Trident. Four samples were tested for thermal conductivity: neat
PDMS and foams with GMB, CMB, and PMB at 50 vol %.
The results for thermal conductivity are shown in Figure 3.28 shows that neat PDMS has
the highest thermal conductivity because there are not voids in the sample. The sample with the
second highest thermal conductivity is the foam with 50 vol % PMBs, then the foam with CMBs
and lastly the foam with GMSBs. As mentioned before, there is breakage from the polysiloxane
microsphers causing the foam to have a lower pososity than the rest of the foams. This causes the
thermal conductivity to be higher but it still improved its thermal insulation by reducing the
thermal conductivity form 0.498 to 0.247 W/m°K (50.4% reduction). Foams with GMBs and
CMBs have a very low breakage percentage that it’s considered negligible. From these two last
foams, the foam with carbon microballoons has a higher thermal conductivity than glass
microballoons. This is expected as carbon has much higher thermal and electrical conductivity
than glass.

Figure 3.28: Thermal conductivity of PDMS foams with different pore formers
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3.5

DIRECT-INK-WRITE OF SYNTACTIC FOAMS
One of the goals of these syntactic foams was for them to be able to be 3D printed. There

are several AM processes to print polymers but the most common are: material extrusion and vatphotopolymerization. For this research the process selected is material extrusion. According to
ISO/ASTM 52900, material extrusion is “an additive manufacturing process in which material is
selectively dispensed through a nozzle or orifice”.[22] The most common material extrusion
technology is Fused Deposition Modeling (FDM) which is also referred as Fused Filament
Fabrication (FFF). Polymers can be divided in thermosets and thermoplastics. Thermoplastic
polymers are polymers which transition from a solid to a molten state with temperature increase
and they can often be recycled by going through that process several times. Thermoplastic
polymers are used for FDM because a polymer filament is heated up to a molten state an deposited
onto a surface to form a print layer by layer. For this research, the polymer in use (PDMS) is a
thermoset. That means if PDMS’s temperature increases to follow FDM’s procedure, the polymer
will only harden until it reaches a degradation temperature. Thermoset polymers go from a liquid
to solid state transition by increasing the temperature above it’s melting temperature. When
temperature is risen, the polymer crosslinks to a solid state. This is an irreversible process which
prevents thermoset polymers to be recycled.[23]
Another material extrusion technology is Direct-Ink-Write (DIW) where the material is
dispensed through an orifice without the use of higher temperatures. This technology Is used to
additively manufacture thermosets and is the process used for this research.
A 3D printer setup was manufactured using a Lulzbot Workhorse for the x-y-z gantry
system and the Nordson UltimusPlus I for pneumatic dispensing. The setup is shown in Figure
3.29. The dispensing process was coupled with the Lulzbot printer by using a 15-pin port and
connecting the dispensing action triggering lines to the printer.
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Figure 3.29: Direct-ink-write printer
Lattices with several nozzle diameters were printed: 0.406 mm and 0.584 mm. Typical
problems of printing polymers with fillers is clogging of the filler. Two materials, PDMS and
PDMS w/ 50 vol% PMBs, were printed using both nozzle diameters and no clogging issue arose.
Different pressures from the pneumatic dispenser were attempted to maintain shape accuracy.
Shape accuracy is determining by have the closest dimensions between the bead size and the nozzle
size. Pressures between 15 and 30 psi in an interval of 1 psi were attempted for both materials. For
neat PDMS, 19 psi yielded the optimal pressure for accurate prints. The foam material, PDMS +
50 vol % PMBs, yielded the best results when printed with 25 psi. Figure 3.30 shows the results
of the prints obtained. Variation of less tan 5% in the size was achieved for both materials using
the 0.406 mm tapered nozzle tip.
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Figure 3.30. PDMS and PDMS + 50 vol% PMBs prints through DIW
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Chapter 4: Acetone Leaching of Pore Generator
4.1

BACKGROUND
PDMS have been able to be created by using solid pore generators and leached with

solvent. Pore generators such as salt and sugar have been used while using water as a solvent.[24]
Sometimes temperature is added to promote the solvency of the solid into the water. The drawback
with these pore generators is that they are not monodisperse nor spherical. Since one of the goals
for this research is to create repeatable foams through DIW, having a filler of different sizes may
create clogging and unrepeatable results.
Following a research by Kang et. al., PDMS structures with spherical monodisperse pores
were created by adding polystyrene beads to a low viscosity PDMS. [25] The pores were created
by usin a The synthesis of monodisperse polystyrene beads was one of the biggest chapters of the
research for this thesis. For that reason, a recreation of this paper with polystyrene beads of a larger
size was attempted. There are several solvents that can be used to dissolve polystyrene and they
all have a different swelling ability towards PDMS. Three solvents were analyzed in this research:
acetone, dimethylformamide (DMF), and tetrahydrofuran (THF). The interaction between PDMS
and the solvent is of high importance as well. Swelling of a polymer leads to deformation even
after the solvent has been removed from the polymer. The table in Figure 4.1 shows the swelling
ability of 38 solvents in decreasing order. Acetone, DMF and are ranked in 22, 27, and 7
respectively (7 being the highest and DMF the lowest swelling solvent for PDMS). [26]
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Figure 4.1: Relationship between swelling ratio (S) (shown as Log (S)) of PDMS in various
solvents and the solubility parameter (δ) for these solvents. The solvents are
numbered in order of decreasing swelling ability (e.g., “1” has the most swelling
ability and “38” has the least swelling ability). The dashed line indicates the
solubility parameter of PDMS (δ ) 7.3 cal1/2 cm-3/2). In general, a greater degree
of swelling is observed with solvents that have a value of δ similar to that of PDMS.
[26]
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4.2

MATERIALS
Polystyrene microspheres synthesized as mentioned in Chapter 3 and PDMS Sylgard 184.

4.3

METHODOLOGY
Polydimethylsiloxane is used as the matrix of this foam. A composite with 70 vol% of

polystyrene beads are mixed with PDMS following standard protocol of 10:1 silicone base to
catalyst ratio. The composite is mixed in a ThinkyMixer at 2000 rpm for 2 minutes at a time to
avoid overheating of the PDMS. Several 2 minutes mix sessions were performed on the polymer
until a homogeneous mix was achieved.
The polymer composite was cured at 80 °C for 30 hours. The PDMS composite is
submerged in acetone for 48 hours with a temperature of 40 °C while a stir pill is continuously
moving the solvent. The movement and the higher temperature were applied to promote the escape
of PS from the PDMS matrix.
As mentioned before, acetone deforms PDMS. Even though it does not deform it to a high
degree such as DMF, the process followed to minimize deformation after drying is to do a fluid
substitution. If the PDMS composite is removed from the solvent and left do dry, a very noticeable
buckling of the PDMS composite will occur. Instead, immediately after the PDMS composite is
removed from the solvent, it is submerged in distilled water to wash the solvent away. After the
solvent has been thoroughly washed, the PDMS composite is left to dry. A schematic of the process
is shown in Figure 4.2.
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4.4

RESULTS
Preliminary testing for solvent selection was done by submerging the PDMS + PS

composite in three solvents: DMF, acetone, and THF. For each solvent, two composite samples
were tested: one for 48-hour submersion and the second for 7 day submersion. After samples were
dried, a cross-section of the sample was imaged with SEM. The resultant images are shown in
Figure 4.3. It is consistent that the results after 7 days have significantly less polystyrene present.
In the image, the dark brown mass represent the polystyrene. When comparing the three solvents
at 7 days, the best results shown are from acetone leaching. As mentioned before, THF has the
highest swelling ability which results in pore deformations. The most noticeable THF deformation
is by having it submerged 7 days.

Figure 4.3: Cross-sections of samples after submersion in DMF, acetone and THF for 48 hours
and 7 days. 70 vol% of polystyrene
Acetone was concluded to be the most effective solvent but it was notices PS still remained
in the sample since it was still white. PDMS is clear which is why it easy to say just by looking at
the sample that polystyrene was still present. Even though it didn’t yield optimal results, acetone
was used to experiment to remove the remaining polystyrene. Since acetone was concluded to be
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the most effective solvent to leach polystyrene. Alternative procedures were employed to promote
acetone leaching. It was hypothesized that ensuring an interconnected network of polystyrene
would help because there would be tunnel formations to remove the polystyrene, Additionally,
temperature increases the solubility of a solid in a solvent so the acetone temperature was increased
to of 40 °C. Before this, leaching process was performed at room temperature.
After the sample was dry after following an acetone leaching of an 80 vol% PS composite
for 48 hours at 40°C. SEM images of the cross-section of the sample are shown in Figure 4.4.SEM
images were taken with a voltage of 15 kV (highest voltage from Phenom ProX) so EDS data gave
element data with more depth in the sample. EDS data is shown in Figure 4.5

Figure 4.4: SEM cross-section images of acetone leached PDMS + PS (70 vol%) composite at
°C for 48 hours with stirring movement

Figure 4.5: EDS data showing a low polystyrene content
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Figure 4.4 shows a cross-section where there is no visual polystyrene. It is important to
note that by using high monodisperse polystyrene, it yielded very monodisperse pores. The EDS
shows that there is still polystyrene because polystyrene is formed by carbon chains. t The sample
analyzed had a polystyrene content of 1.70 g and a PDMS content of 0.965 g.
The lost weight before and after acetone leaching was used to quantify the amount of
polystyrene left. According to Table 4.1, the polystyrene content went from 2.601 g before
leaching and to 1.889 g. This means there is still 58.11% of polystyrene in the sample.
Table 4.1: PDMS + 80 vol% of polystyrene. Mass before and after acetone leaching.
MASS TABLE (g) FOR pdms+ps80vol%

Solvent
type

Cast
mass
(g)

After
solvent
bath 48h
(g)

After water
bath (g)

After
vacuum 2hr
(g)

Mass
lost (g)

PS
remainin
g (%)

Acetone
@40° C

2.601

3.210

2.605

1.889

0.712

58.11

Due to the fact that some of the pores were closed, it would increase the modulus of
elasticity because PS is harder than PDMS. This means they did not fully transform to a foam and
didn’t perform any compression testing.
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Chapter 5: Foam Creation by Emulsion
5.1

BACKGROUND
PDMS is a highly hydrophobic material with a contact angle greater than 100°. For that

reason, it is easy to create PDMS and water emulsions. These emulsions are commonly made in
the pharmaceutical industry to create PDMS microspheres since they are highly
biocompatible.[27] An emulsion is a fine dispersion of droplets in an immiscible fluid. When
creating these droplets, the diameter and size distribution of the droplets is not easily controlled.
A published article by Chen et.al. was used to reproduce syntactic foams. [28]
5.2

MATERIALS
The only two materials used for this foam process are Sylgard 184 PDMS and distilled

water.
5.3

METHODOLOGY
Sylgard 184 base is mixed with its catalyst with a 10:1 ratio. Water is added to the PDMS

with 3 different PDMS to water ratios: 8:5, 8:6, and 8:7. The reason for this is to attempt foams
with different porosities. The silicon base, catalyst and water were mixed in a ThinkyMixer at
4000 rpm for 5 minutes. This time is enough to notice a monodisperse material at a naked eye.
Dowsil SE 1700 was also attempted to use for the PDMS matrix but due to its high viscosity of
542,000 cPs compared to Sylgard 184 with a lower viscosity of 10,000 cPs.
The resultant emulsion was placed in vacuum for 2 hours to get rid of any air pockets and
then the sample was cured at 120 °C for 3 hours. Figure 5.1 shows a schematic of the process.

43

Figure 5.1: Syntactic foam synthesis process by water and PDMS emulsion
5.4

RESULTS

5.4.1 Porosity Analysis
Three foams from emulsions with different PDMS to water ratios (8:5, 8:6, and 8:7) were
done and analyzed with SEM imaging. Figure 5.2, 5.3, and 5.4 show the cross-section images of
foams with a PDMS to water ratio of 8:5, 8:6, and 8:7, respectively.
It is interesting to note that regardless of the water content. The porosity of the three
samples is very similar. The porosity was calculated using Image J and concluded in the porosities
of the 8:5, 8:6, and 8:7 foams to be 55.52%, 54.45%, and 51.89%, respectively.
A possible reason for the similar porosities is that during the degassing process, water
evaporates. Water evaporates at 23.88 mm Hg (1 atm = 760 mmHg) and the vacuum applied to
the sample was lower than 23.88 mm Hg. Sylgard 184 starts gelling after 20 minutes which avoids
the collapse of the pores at vacuum. Since all PDMS + water foams release most of their water
during evaporation, the resultant porosity is very similar regardless of the water entered into the
system.
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Figure 5.2: Foam with 8:5 PDMS to water ratio

Figure 5.3: Foam with 8:6 PDMS to water ratio

Figure 5.4: Foam with 8:7 PDMS to water ratio
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5.4.2 Compression testing
Similarly to the foams created with hollow spheres, these syntactic foams created by
emulsion were subjected to compression testing. These foams have a higher porosity than anything
achieved with hollow spheres. Unlike previous foams, they all reached failure after 56%
compression. The stress train curve is shown in Figure 5.5. The data shows that the behavior for
the 8:5 foam showed the highest porosity while the 8:6 the lowest porosity. This shows there is no
trend and no relationship can be linked between the water content and porosity.

Figure 5.5: Stress-strain curves of 8:5, 8:6, and 8:7 PDMS + water foams

Figure 5.6: PDMS foam after failure
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Chapter 6: Syntactic Foams Conclusion
Three syntactic foams processes were explored in this theses: hollow sphere inclusion,
microsphere solvent leaching, and emulsion formation. Each process has its advantages and
disadvantages. The evaluation points for each process is if there is a controllable monodispersity
of the pore, controllable pore size, printable material, process simplicity, and foam functionality.
Process from chapter three, hollow sphere inclusion foams, has the capability of controlling
monodispersity, controlling pore size, the material is printable, it is a functional foam, but the
process is not simple. The synthesis process of polystyrene microspheres is a time consuming
process with many delicate variables. The core-shell process is a complicated chemical process
that is very dependent on minimal changes in pH which cause a radical change in the
agglomeration. Agglomeration yields microsphere tan cannot be used this wasting material. Lastly
the microspheres created have a shell whose thickness is not easily controllable.
Process from chapter four, microsphere solvent leaching, is a simple process in which the
most time consuming part is creating the polymer microspheres to act as pore generators. These
foams have a controlled monodispersity and pore size which comes from the previously
synthesized polystyrene cores. Mixing PDMS and PS yields a malleable paste that is easy to 3D
print. Unlike the previous process, there is no agglomeration problem but the foam cannot be
considered a filly functional foam since more the half the polystyrene cores are not able to escape.
Even though temperature and movement was added to improve the solvency and escape of the
polystyrene core, not a big difference was noted. Solvents are not preferred when upscaling process
at an industrial level. Additionally, solvents suited to dissolve polystyrene leads to part
deformation. The process was improved to diminish part deformation but the issue was not
completely solved.
The last process form chapter five, foams from emulsions, is the simplest and quickest
process to follow. The material is fully printable and most of the water is able to escape creating
over pores. The disadvantages of this process lies in the lack of control on the monodispersity and
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size of the pore. The lack of control in the internal geometry leads to unrepeatable foams with
unrepeatable mechanical properties.
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Chapter 7: Future Work for Syntactic Foams
The addition of hollow spheres has proven to be beneficial to the formation of syntactic
foams with a controlled porosity. Although successful polysiloxane spheres were synthesized
which proved the increment of energy absorption at maximum strain. There are drawbacks from
this method. The method employed in this research yields polysiloxane hollow spheres that have
defects: holes in shell and remaining shell from collision from other spheres. Additionally, the
thickness is not easily controlled and agglomeration, which was reduced, is always a problem
because sphere are not created individually.
In the pharmaceutical industry, solid microspheres and core-shell microspheres are
synthesized successfully using microfluidic systems. Microfluidics allows for the formation of
highly monodisperse particles. The size and style of microparticle depends directly on the
diameter of the channel and the flow if the reagents entering the microfluidic chip. [29]

Figure 7.1: Summary of applications for microparticles and nanoparticles [30]
Core-shell spheres are created through a double emulsion process. An emulsion is where a
droplet of fluid is formed by the combination of two immiscible fluids. A single emulsion process
yields slod microspheres while a double emulsion process created core-shell spheres. The goal is
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to create hollow PDMS microspheres. There has been work where PDMS microspheres with an
aqueous core have been synthesized using the double-emulsion process. This is a W/O/W double
emulsion where the PDMS shell forms part of the oil because PDMS is used suspended in silicone
oil. [31] To avoid the breakage of these spheres to remove the core, it is of interest to create hollow
spheres from the start. Work by Chen, et. al. show that it is possible to create air filled polymer
microspheres. This is still a double-emulsion process following a G/O/W formation.
The proposed idea is to use the information from these two articles as the foundation of
hollow PDMS microspheres. This way, a gas core entrapped in a PDMS suspension in silicon oil,
entrapped in an aqueous medium will result in the formation of hollow PDMS microspheres as
shown in Figure 7.2.

Figure 7.2: Formation of hollow PDMS spheres following a G/O/W double-emulsion process
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Chapter 8: Additional Research
8.1

CO-AUTHORED PUBLICATION: NEAR-UV LIGHT ASSISTED GREEN REDUCTION OF

GRAPHENE OXIDE FILMS THROUGH L-ASCORBIC ACID [32]
8.1.1 Background
Several studies on the reduction of graphene oxide through different chemical methods has
been studied over the years. One of the most common and studied chemical reductants is
hydrazine. Hydrazine’s toxicity and adverse effects to the environment have propelled the research
for green alternatives. [32]
Regis et. al., state that some green alternatives include l-ascorbic acid (L-AA), glucose,
hydrogen-rick water, starch, among others. The advantage of l-ascorbic acid over several methods
is its low cost, abundance, and scalability. Previous studies have shown l-ascorbic acid to be
sensitive to UV and near UV (NUV) light
8.1.2 Materials
The used materials are: graphene oxide (5 mg/ml suspension, Goographene), L-ascorbic
acid (99% purity, Sigma Aldrich), and DI water
8.1.3 Methodology and Results from Regis et. al. 2021 publication [32]
Graphene oxide films were created by drop-casting 15 ml of GO solution onto a glass
substrate. An aqueous l-ascorbic acid solution was created mixing 5g of L-ascorbic acid with 20
ml of water. After GO film is dry, the L-AA solution was dispersed on top of the GO film. The
sample was placed into a NUV (405 nm) chamber for different lengths of time: 1 hour, 2 hours,
and 3 hours. After time was completed, the GO films were washed with DI water until neutralized
and lastly they were left to dry overnight. A schematic of the process is shown in Figure 8.1.
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Figure 8.1: Reduction of Graphene Oxide with L-Ascorbic Acid Method

The reduction of graphene oxide focuses on the reduction of oxygen from the chemical
composition. It was concluded that the best reduction result was the sample exposed to NUV for
3 hours while submerged in L-ascorbic acid solution for 48 hours. This sample’s oxygen to carbon
ratio (O/C) was compared to literature review following different green reduction methods. It
obtained the highest O/C ratio at 0.23 as shown in Figure 8.3.[32]

Figure 8.2: Comparison of O/C ratio from green reduction literature reports and our report (3hours NUV radiation with 48-hrs L-AA exposure)[32]
This reduced graphene oxide material can be used as a filler in several polymer matrix. Vat
photopolymerization is an additive manufacturing process where a photopolymer is polymerized
using a light source. The most common light source is a 405 nm laser or projection. Since the same
light wavelength is used to speed the reduction process of L-ascorbic acid, it is the optimal AM
process to print polymer composites with in-situ reduced graphene oxide.
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A polymer composite using Formlabs clear resin with graphene oxide, L-ascorbic acid, and
other additives to improve the printing process was used to print parts in a Form3. Figure 8.3 shows
results of several successful polymer composite prints using our synthesized material.

Figure 8.3: PMMA-rGO composite prints using a vat photopolymerization system (Form3)
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